ABSTRACT. The Nee Soon stream drainage in the Central Catchment Nature Reserve is virtually the last remaining fragment of primary freshwater swamp forest in Singapore. The forest type has been poorly studied in the Southeast Asia. The hydrology, water quality, as well as aquatic flora and fauna all have great theoretical and practical significance. The ecology and management of the Nee Soon freshwater swamp forest are reviewed, with remarks on their national, regional and global contexts. This review sets the scene for a three-year integrated conservation and management study completed in 2016.
Introduction
Globally, freshwater swamp forests occur in Southeast Asia, Africa, and South America, with the largest proportion in the Amazon basin (Richards, 1996) . In Southeast Asia, they are located throughout the region, often near large rivers such as the Mekong and Chao Phraya in Thailand, and the Irrawaddy in Myanmar, and in many smaller systems such as the Sedili rivers in Johor (Corner, 1978; Whitmore, 1984) .
This unique forest formation is mostly restricted to the alluvial soil of flood plains, often on the landward side of mangrove forests or in areas with a high water table (Göltenboth et al., 2006) . While freshwater swamp forests are often located in areas with a wet climate, they are also found in seasonally drier regions such as in west New Guinea and east Java (Whitmore, 1984) .
In Southeast Asia, freshwater swamp forest is a rather understudied forest type, mainly owing to its inaccessibility and the occurrence of insect-borne diseases within them (Yamada, 1997) . Other wetland habitats, such as mangrove and peat swamp forests, have tended to receive more attention (Dudgeon, 2000) . Nevertheless, the freshwater swamp forests of Peninsular Malaysia were surveyed relatively comprehensively by Corner (1978) , and additional work has been done in Cambodia (Theilade et al., 2011) and Singapore Turner et al., 1996; Lim et al., 2011) .
Freshwater swamp forest can be broadly characterised as forest that is subjected to flooding with relatively mineral-rich fresh water (Whitmore, 1984) . As tropical freshwater swamp forest is a formation of tropical rainforest, several environmental conditions are common between freshwater swamp forests and other tropical rainforest formations (e.g. high humidity levels and solar irradiance; see Richards, 1996) . However, beyond these commonalities, conditions found within freshwater swamp forests and other tropical rain forest formations can differ greatly. Flooding in inland, freshwater swamp forests is usually semi-permanent, irregular, or seasonal. Water depth also varies tremendously, ranging from a few centimetres to several metres. These physical factors, acting individually or synergistically, impact the ecology of freshwater swamp forests. Indeed, previous work by de Pádua Teixeira et al. (2011) concluded that drainage patterns were the most prominent factor in the spatial organisation of plants in the swamp forests of Brazil. Despite the variable nature of freshwater swamp forests, sufficient water is always present during the growing season, which ensures that organisms adapted to living in water or waterlogged soils flourish (Junk et al., 2011) .
Freshwater swamp forests have several sources of water, including rain, rivers, and groundwater, whereas peat swamp forests obtain their water solely from rain (Richards, 1996; Göltenboth et al., 2006) . The colour of the water in the freshwater swamp forest is often an indication of the levels of plant matter present in the water and soil.
Management of freshwater swamp forests
Freshwater swamp forest soils are relatively nutrient-rich, unlike ombrotrophic swamp forests, which receive nutrients solely via rain (Yule & Gomez, 2009 ). In freshwater swamp forests, nutrients and alluvial soils are subsequently deposited within the forest via rain and water table fluctuations (Whitmore, 1984; Richards, 1996; Whitten et al., 2000; Göltenboth et al., 2006) . The nutrient-rich soils in freshwater swamp forests have resulted in over-exploitation for agriculture, such as wetland rice cultivation (Richards, 1996; Whitten et al., 2000; Corlett, 2009 ) and oil palm plantations (Yule & Gomez, 2009 ). Indeed, Chokkalingam et al. (2007) reported that in southern Sumatra, fire of varying intensities was utilized to clear the swamp forest for agricultural purposes. The widespread and repeated fires there transformed a diverse and complex habitat into a habitat consisting of uniform stands of fire-resistant Melaleuca L. species thickets. Additionally, mismanagement of these ecosystems via extensive logging and conversion to agriculture has led to severe degradation and loss of ecological and biological diversity (Rijksen & Peerson, 1991; Hansen et al., 2009; Yule, 2010) .
The conceptual model presented in this review explores the direct and indirect effects of hydrology, physico-chemistry, stream morphology, and vegetation on the macroinvertebrate and fish communities.
The following sections will explore and review the hydrology, physicochemistry, as well as both the aquatic flora and fauna in freshwater swamp forests in Southeast Asia. Owing to the dearth of studies investigating freshwater swamp forests specifically, the literature concerning peat swamp forests was also incorporated, as peat swamps are the habitat most similar to freshwater swamp forests in Southeast Asia.
Hydrology in freshwater swamp forests
How water flows is a major determinant of geomorphological, biological and biogeomorphological processes and functions within aquatic ecosystems (Poff et al., 1997; Bunn & Arthington, 2002; Davidson et al., 2012; Fig. 1) . By influencing geomorphology, flow plays a major role in determining spatial and temporal benthic community structure (Poff & Allan, 1995; Bunn & Arthington, 2002; Mims & Olden, 2013) . For example, Leigh & Sheldon (2009) found that hydrological connectivity had a major effect on macroinvertebrate assemblages, with highly connected water bodies displaying greater macroinvertebrate diversity than isolated water bodies, which tended to have fewer diverse assemblages and were dominated by a handful of taxa. Similar effects have been noted in tropical systems where wet or monsoon season flooding has resulted in greater proportions of migratory species and changes in community assemblages (da Silva et al., 2010) . On a smaller scale, changes in physical habitat caused by alterations in flow regime can increase habitat heterogeneity and thereby increase species diversity (Downes et al., 1998; Bunn & Arthington, 2002) . Furthermore, a highly heterogeneous habitat is able to provide refugia for species during periods of disturbance such as flooding or drought (Bunn & Arthington, 2002; Negishi et al., 2002) . In ecosystems where water availability can vary dramatically between seasons, such refugia can become extremely important (Brown, 2003; Leigh et al., 2010) .
In some tropical systems there is pronounced seasonal variation in the hydrologic regime between the monsoon and dry seasons (Douglas et al., 2005; Mitsch et al., 2010) , though with caveats for Singapore's meteorology as described below. When the monsoon season arrives, heavy rains can create flood pulses which integrate terrestrial and aquatic systems (Davidson et al., 2012) . Junk et al. (1989) stressed the importance of seasonal flood pulses through effects such as over-bank flooding, which strongly influences biological community structure through allochthonous inputs and changing of the physical habitat (Douglas et al., 2005; Davidson et al., 2012) . For example, in Brazilian floodplains da Silva et al. (2010) found that turbid and anoxic water conditions dominated in the high water season compared to low or falling water seasons, which had relatively well oxygenated and low turbid waters. The differences in seasonal hydrology impacted fish diversity, abundance and biomass, which were significantly higher in falling and low water seasons than during the high water season (da Silva et al., 2010) . In tropical wetland forests similar changes have been documented in macroinvertebrate communities with stream physico-chemistry as well as insect assemblages, density and biomass reflecting fluctuations in seasonal rainfall (Ramirez et al., 2006) . How rainfall impacts tropical wetlands, however, is varied and can depend on both regional and local biotic and abiotic factors.
The effect of flood pulses on tropical wetlands can vary because catchment hydrology is influenced by the amount of rainfall and speed of the run-off (Page et al., 2009; Yule, 2010) . In tropical peat swamp forests the topography, biodiversity of the forest and its microtopography can buffer the speed of run-off and thus mitigate potential impacts further downstream (Page et al., 2009 ). On a microtopographical or local scale buffering is partly caused by the presence of hollows, roots, buttresses and pneumatophores (Page et al., 1999) . However, what primarily influences rainfall run-off and hydrology in a tropical peat swamp forest is how water flows laterally through the peat and the hydraulic connectivity of the peat near to its surface (Page et al., 1999) . If the water table is consistently high, the amount of peat able to be sequestered increases as well as the system's water holding capacity (Page et al., 1999) . Alternatively, if the water table is low or if the swamp forest is being drained, the speed of the run-off can become faster because of peat oxidation and subsidence processes (Page et al., 1999 (Page et al., , 2009 ). The impact that faster run-off can have on the catchment varies from flooding downstream to scouring of the soil, which can have an impact on water chemistry.
Water quality in freshwater swamp forests Gasim et al. (2007) conducted a detailed physico-chemistry study in the Bebar river in the Pahang peat swamp forests in Peninsular Malaysia where the authors documented low dissolved oxygen (DO) and pH, whilst the average stream flow was estimated at 5 × 10 5 m 3 daily. Indeed, the pH recorded ranged from 3.53 to 4.55 whilst DO ranged from 0.54 to 1.76 mg L -1 . The high organic content and high biological decomposition resulted in a high deoxygenation rate when compared with the reoxygenation rate (Das & Acharya, 2003; Gasim et al., 2007) . Similarly, low levels of DO have been observed at the Beriah swamp forest in Perak (1.21-2.14 mg L -1 ; Mashhor et al., 2004) . A recent study by Gandaseca et al. (2015) , determined the water quality of four rivers in peat swamp forests in Sarawak, Malaysia. The authors also documented low levels of ) and attributed this to the high levels of organic matter in the rivers. Reported ranges of total dissolved solids (TDS) varied from 0.75 to 15.75 mg L -1 , whilst turbidity ranged from 1.5 to 17.15 NTU. Temporal investigations by Ramírez et al. (2006) on a tropical wet forest documented a decrease in streamwater pH throughout the year, from near neutral (pH >6.0) to near acidic (pH <4.5), while NO 3 -N concentrations were high throughout the year and were independent of discharge. The authors identified that changes in pH were related to both streamwater level and monthly rainfall. Indeed, the decrease in pH was related to the inundation of the streams and an increase in overland flow (Ramírez et al., 2006) . Furthermore, Ramírez et al. (2006) noted that discharge and pH changed most during the year and whilst pH decreased, stream discharge increased. The temporal variation in pH was attributed to the increases in the concentration of humic acids suspended in the water column during the wet season. Indeed, previous work by Winterbourn & Collier (1987) observed low pH levels in many New Zealand streams and attributed this to the large inputs of humic acids from surrounding watersheds. Alternatively, temporal variations in conductivity were small and were independent of discharge but were related to groundwater influence (Ramírez et al., 2006) .
Aquatic flora in freshwater swamp forests
The environmental conditions of a tropical freshwater swamp forest are similar to those of a tropical dryland rain forest, but in general, the tree canopy of the freshwater swamp forest is lower than that in the lowland dipterocarp forest (Corner, 1978; Theilade et al., 2011) . The vegetation structure in freshwater swamp forests is often dependent on the nutrients present in the water source and the flooding regime of the forest (Junk et al., 2011) . For example, the nutrient-rich várzea forests in the lower Amazonian floodplains experience flooding caused by swollen rivers and have the highest species richness among wetland forests in the world (Junk et al., 2011) . Alternatively, the vegetation of Brazilian blackwater igapó forests is dependent on heavy rains that determine the forests' flood height and duration. Igapó forests generally have fewer tree species than várzea forests and few herbaceous plant species (Junk et al., 2011) . Furthermore, floating plants are rare or absent in this forest type. Freshwater swamp forests are generally less diverse floristically if compared to dryland forests and, as a result, are dominated by one or a few tree species (Corlett, 2009) . Often the dominant plant types are used to categorise freshwater swamp forests and the four main types recognized in Southeast Asia are (1) mixed swamp forest; (2) Melaleuca species (Myrtaceae) swamp forest; (3) Terminalia L. species (Combretaceae) swamp forest; and (4) Campnosperma Thwaites species (Anacardiaceae) swamp forest (Göltenboth et al., 2006) .
Floristically, freshwater swamp forests are not easily distinguishable from dryland forests at the taxonomic levels of family and genus (Whitmore, 1984) . There are few plant species restricted only to freshwater swamp forest ecosystems and usually they tend to form clusters and have species-poor associations (Whitten et al., 2000) . The diverse assemblage of forest types are influenced by several environmental factors, including the wide variation of soil content as well as the degree of water inundation (Yamada, 1997) .
Depending on the degree of water inundation, a thin layer of peat may be present on the ground surface of freshwater swamp forests. However, the limited decomposition rate of organic matter often results in the development of a peat layer only a few centimetres thick (Whitmore, 1984) . The slow decomposition rate is due to high phenolic concentrations in the leaves, which can be up to three times greater than those found in temperate forests (Coley & Barone, 1996) . The high concentration of phenols is thought to be a response to the high levels of mammalian and invertebrate predation as well as fungal pathogens (Coley & Barone, 1996) . The slow decomposition of organic matter under anoxic conditions causes the release of humic acid, which greatly lowers the pH of the water (Page et al., 1999; Göltenboth et al., 2006; Yule, 2010; Posa et al., 2011) . This then affects the floral composition found in swamp forest streams and leads to specialisation of characteristics such as pneumatophores (Whitmore, 1984) .
The waterlogged nature of freshwater swamp forests creates soft, unstable, and anoxic waterlogged soil that may have led to the evolution of special root adaptations in freshwater swamp forest trees that are morphologically similar to those found in a true mangrove forest (Corlett, 1986) . Special root adaptations such as pneumatophores are common within freshwater swamp forests and work by Corner (1978) noted that pneumatophores typically occur in five forms. For example, in the genus Sonneratia L.f., they grow as upright, elongated, conical pegs whereas in the species Lophopetalum multinervium Ridl., they develop as erect planks (Corlett, 1986) . Pneumatophores help provide stability and aid in gas exchange in the anoxic soil conditions (Corner, 1978) .
Other adaptations include buttress roots, that provide stability in the unstable and soft substrates. Furthermore, many trees have lenticellate bark which aids in gas diffusion in anaerobic conditions (Whitten et al., 2000) . Many of these root adaptations can be found in Southeast Asia's freshwater swamp forests including those in Singapore.
Aquatic fauna in freshwater swamp forests
Previous work by Whitten et al. (2000) has documented that the fauna of freshwater swamp forests is as diverse as that found in lowland terra firma forests. However, research in this area is still very lacking (Göltenboth et al., 2006) . Nonetheless, Posa et al. (2011) documented that approximately 23−32% of all species of mammals and birds in Peninsular Malaysia and Borneo have been recorded from peat swamp habitats. The proportions of snakes (7−18%) and amphibians (19−23%) are somewhat lower, but nevertheless, the results collated by Posa et al. (2011) do show that peat swamp forests provide habitats for a considerable proportion of the region's fauna.
Additionally, freshwater swamp forests support a number of rare, specialized and threatened species. Posa et al. (2011) found that 45% of mammals and 33% of birds recorded in freshwater swamp forests had an IUCN Red List status of near threatened, vulnerable or endangered. Additionally, Phillips (1998) documented the importance of swamp forests in conserving primates such as proboscis monkeys (Nasalis larvatus) and the Bornean banded langur (Presbytis chrysomelas). Previous work from Johnson et al. (2005) at Gunung Palung National Park in western Kalimantan, documented a higher density of Bornean orang-utan nests and individuals than in lowland forest. In addition, Cheyne et al. (2009) observed a number of endangered felids (e.g. the flat-headed cat, Prionailurus planiceps; the Sunda clouded leopard, Neofelis diardi; and the marbled cat, Pardofelis marmorata) within swamp forests, whilst Bezuijen et al. (2001) documented swamp forests to be favoured habitat for the endangered false gharial (Tomistoma schlegelii).
These results already suggest that freshwater swamp forests are extremely important for conservation, but it must also be remembered that there has been a general bias towards charismatic mammalian species in biodiversity research (Clark & May, 2002) . Conversely, invertebrate, fish, amphibian and reptilian research has usually been under-represented (see Wells & Yule, 2008; Yule, 2010) , despite the fact that these groups are often much more diverse than mammals, making up some of the dominant animal groups in the forest (Clark & May, 2002) . Thus, the importance of freshwater swamp forests in preserving overall faunal diversity has in fact been understated thus far.
Freshwater fish serve as a good example of the importance of freshwater swamp forests to less well known groups. They have been documented as exhibiting extremely high endemicity to swamp forests, up to the point that 33% of known freshwater fish species are associated with peat swamps (Ng et al., 1994; Kottelat et al., 2006) . Additionally, Posa et al. (2011) found that out of 219 fish species collated from peat swamps, 80 species are restricted to this ecosystem, while 31 species are point endemic species found only in single locations. Furthermore, the critically endangered Betta persephone, B. miniopinna and B. spilotogena are listed on the IUCN Red List as highly threatened by extinction as a result of declines in area of occupancy, extent of occurrence and quality of habitat. Additionally, there are 17 species of swamp forest fish on the IUCN Red List classified as vulnerable or endangered, 12 of which are point endemics (Posa et al., 2011) . Comprehensive studies of freshwater swamp forest fish have been carried out in only a few regions such as Thailand, central Sumatra, Peninsular Malaysia and the Riau Archipelago (e.g. Tan & Tan, 1994; Vidthayanon, 2002; Tan & Kottelat, 2009) , and all indications point to even greater fish diversity in unexplored locations.
Far less is known about the invertebrates of swamp forests, as most swamp invertebrates have not been extensively studied and furthermore, organisms are rarely identified to the species level. Johnson (1968) did note that Coleoptera, Hemiptera and Diptera may be abundant and diversified in small blackwater pools but in most blackwater habitats, freshwater macroinvertebrates are rather scarce and have poor diversity, with Cheng & Fernando (1969) listing only six hemipteran species from Malaysian blackwaters. Although there seem to be few if any invertebrate species specific to or characteristic of swamp forest (e.g. Abang & Hill, 2006) , rotifer and decapod crustacean species have been found in these habitats (see . For instance, a total of 133 rotifer species were identified from five coastal peat swamps on Phuket Island, Thailand (Chittapun et al., 2007) , whilst Wowor et al. (2009) found four species of the freshwater Macrobrachium prawns occurring in acidic peat habitats.
General climatology of Singapore
Historical trends in precipitation Nine rain gauges in Singapore ( Fig. 2 ; Liong & Raghavan, 2004) , selected for their data comprehensiveness and relevance to Nee Soon freshwater swamp forest, provided the daily rainfall data from 1961 until 2007 used for the present study. From some of the stations the time series was incomplete. Table 1 provides the periods of data availability for the nine stations considered.
Historical trends in temperature
The trends in daily temperature observations for Singapore reveal evidence of a warming trend since 1970 that is consistent with broader evidence of global warming and other temperature trend analyses in the region. Daily maximum and minimum temperature data are available from four observation stations in Singapore, for varying periods (shown in Table 4 ). The station-averaged absolute change values compared to baseline show the rise in surface temperatures since , as recorded at all stations.
Historical trends of wind
The strength and direction of the winds over Singapore are influenced by the monsoon (Nieuwolt, 1981; National Environment Agency, 2007) . Northeasterly winds prevail during the Northeast Monsoon which occurs from December to early March, with wind speeds sometimes reaching 30 to 40 km/h in January and February. During the Southwest Monsoon (June to September), southeast to southwest winds prevail over Singapore (with more consistent southwest winds over the Indian continent). Periods between monsoon seasons (Pre-Southwest Monsoon: April and May, Post-Southwest Monsoon: October and November) receive less wind. The highest extreme gust speeds come from thunderstorms, whereas higher extreme mean wind speeds come from nonthunderstorm events (Choi, 1999) .
The source of Fig. 3 (monthly mean wind speed (m/s) in Singapore) is the National Environment Agency (2012); see also Meterological Services Division (2016). Overall, the wind speed at Changi is weaker than at the other three stations. The wind speed during the Northeast Monsoon is stronger (by 1-3 m/s, according to the site) than in other seasons. Maxima in the monthly mean wind speed tend to occur in January and February during the Northeast Monsoon, while minima tend to occur in April and May during the pre-Southwest Monsoon. 
Freshwater swamp forests: a Singapore perspective

Background
Prior to the establishment of modern Singapore, freshwater swamp forests were estimated to have occurred at all upper river reaches of Singapore, covering about 74 km 2 or about 13% of the island (Yee et al., 2011; O'Dempsey, 2014) . However, with rapid urbanisation and industrialisation from the 1900s, vast forested areas were cleared for agricultural and industrial purposes. In 1932, Corner (1978) studied one such area-a patch of original swamp-forest in Jurong, which was completely transformed into a pineapple plantation the year after. In this patch of more than 6 ha, Corner (1978) found many plant species that only existed in Jurong but not in Mandai, or any other Singapore swamp forests. This suggested that Jurong could have represented a unique phytogeographical area (Corner, 1978; Yamada, 1997) . However, no extensive surveys of faunal species were conducted in the freshwater swamp forest in Jurong before its clearance. Like this patch in Jurong, vast natural areas in Malaysia and Singapore were or are often cleared for development before surveys can be conducted on their existing flora and fauna .
The clearing of Jurong, Mandai, and Pulau Tekong swamp forests has left the Nee Soon freshwater swamp forest as the last remnant of primary freshwater swamp forests on Singapore Island (Corlett, 1992; Turner, 1996; Turner et al., 1996; . Nee Soon is relatively intact but dominated by primary and old secondary vegetation, covering about 87 ha of land (Corner, 1978; Turner et al., 1996) . Named after a wealthy Chinese-Peranakan merchant, . This area incorporates areas that were previously part of the Chan Chu Kang forest reserve (Corlett, 1992) , which has allowed it to preserve much old-growth vegetation. The Nee Soon freshwater swamp forest is thus the last remnant of a larger swamp forest which was previously found along the entire Seletar drainage, including the areas surveyed by Corner in Mandai (Corner, 1978; O'Dempsey & Chew, 2013) . It has probably only survived to the present day by virtue of being both included in the Central Catchment Nature Reserve as well as being used as a training area for the Singapore Armed Forces and the presence of military shooting ranges nearby . According to Corlett (2011) , the freshwater swamp forest is concentrated within several shallow valleys that drain towards the Seletar River while the elevated areas between the valleys support patches of dryland forest.
Physical environment of Nee Soon freshwater swamp forest
The ground surface of most places in Nee Soon freshwater swamp forest is covered by a shallow layer of peat and there is some variation in the microtopography of the forest (Taylor et al., 2001; Corlett, 2011) . Because the water table is so close to the soil surface, periodic to semi-permanent flooding can be observed . In addition, depressions in the topography are often saturated with water, forming small pools and slow-flowing streams Taylor et al., 2001) . Usually, the clear water in the swamp forest is stained a dark-tea colour, a result of tannin leaching from slowly decomposing plant matter under waterlogged soil conditions . Some of the larger streams have bed deposits of coarse-grained sand that probably originates from the Triassic Period Bukit Timah granite formation that constitutes most of the basement rock below the swamp (Taylor et al., 2001 ). Soil analysis conducted at the Nee Soon freshwater swamp forest in the mid-1990s revealed that the first 5 cm of the soil layer was rich in organic matter (approaching 80% to 90% loss-on-ignition by mass), though the content decreased rapidly beyond that depth to less than 50% loss-on-ignition by mass . Hence, the lower layer of soil is not considered to be peat, which has more than 90% loss-on-ignition by mass. The anaerobic and waterlogged conditions found in the soil of the Nee Soon freshwater swamp forest reduce its rate of decomposition, contributing to the richness in its organic matter .
Additionally, leaf litter in the Nee Soon freshwater swamp forest was found to have a lower level of nutrients such as nitrogen, potassium and phosphorus compared to the top 5 cm of soil. This could be caused by the draining of nutrients from the leaf litter into the soil .
The pH of swamp forest streams and soil water is between 4.6 and 5.5, more acidic compared to typical forest streams, and could become more acidic 5 cm below the surface of the soil . This could be a result of the thin layer of peat present in the swamp forest causing the release of humic acid, the mechanisms of which were explained above.
Ecology of Nee Soon freshwater swamp forest
Through the collation of data from published articles-mostly from the Gardens' Bulletin Singapore and The Raffles Bulletin of Zoology, as well as unpublished data retrieved from the National Parks Board (NParks), the number of faunal species recorded in the Nee Soon freshwater swamp forest was determined to be at least 346. However, this is probably a highly conservative figure, and it is likely that this is only a small proportion of the species present in the forest.
A series of field surveys was conducted in the 1990s, and their results published in 1997 in the Gardens' Bulletin Singapore (Chan & Corlett, 1997) . This contributed immensely to the inventory of biodiversity knowledge in Singapore, especially in the Bukit Timah and Central Catchment Nature reserves. Among the groups surveyed were vascular plants, fish, prawns, crabs, butterflies, stick and leaf insects, semi-aquatic bugs, dragonflies and damselflies, and water beetles.
Based on our compilation of known faunal species in the Nee Soon freshwater swamp forest, insects and birds make up the largest proportion of animals recorded. Molluscs and annelids, on the other hand, make up only 3% of the total number of species which have been documented in this forest patch.
While the Nee Soon freshwater swamp forest has lost much of its original vertebrate fauna, it is still a very important site for the conservation of Singapore's remaining forests (Corlett, 1992) . In fact, commented that Nee Soon freshwater swamp forest supports the highest diversity of native freshwater organisms in the country, reflecting its high conservation value and in particular supporting freshwater fish, amphibians, reptiles, freshwater prawns and crabs and bird species . Many species, especially primary freshwater fish, have their main populations in Singapore located in the Nee Soon freshwater swamp forest and some others can be found nowhere else in Singapore, or even globally, such as the swamp forest crab, Parathelphusa reticulata (Davison et al., 2008; Cumberlidge et al., 2009; Lim et al., 2011) . This makes the Nee Soon freshwater swamp forest a vital refugium for many forest or swamp-adapted species in Singapore, and gives it a very high conservation value Lim et al., 2011) .
Freshwater flora of the Nee Soon freshwater swamp forest
Parts of the Nee Soon forest were cleared during the late 19 th and early 20 th century for rubber and pepper plantations . Other parts have been drained or turned into reservoirs . The remaining vegetation consists of a mixture of primary and secondary forest (Corner, 1978; . Given its history, the species composition and structure differ across the forest, suggesting a mixed swamp forest. Many of the tree species in parts of the forest, such as Palaquium xanthochymum (de Vriese) Pierre ex Burck and Xylopia fusca Maingay ex Hook.f. & Thomson, exhibit adaptations to flooding, including buttress roots, prop roots, and pneumatophores whereas some areas are dominated by plant species similar to those of a dryland forest (Corner, 1978) . In addition, Corner (1978) noted that the vegetation of the Mandai Swamp Forest, of which the Nee Soon freshwater swamp forest is the largest surviving remnant, was intermediate between a freshwater swamp forest and a peat swamp forest. Corner (1978) further suggested that patches of substrate that contain peat mats and decaying organic matter may transition to a full peat swamp forest at some point in the future .
Studies are lacking on the aquatic flora of the Nee Soon freshwater swamp forest; nevertheless, the investigations of Lok et al. (2009) documented the occurrence of the locally rare forest water lily, which they called Barclaya kunstleri Ridl. (Nymphaeaceae) but which is treated as a synonym of Barclaya motleyi Hook.f. by Kiew (2015) . This was noted as occurring within the forest at least until 1954 but now it appears to be extinct at Nee Soon and only present in Singapore at Bukit Timah.
Aquatic fauna structure of Nee Soon freshwater swamp forest
The fauna of the Nee Soon freshwater swamp forest is rich and highly diverse. Insects and birds make up the largest proportion of animals, whilst molluscs and annelids make up a total of 3% of the species documented from Nee Soon. Additionally, and have documented that 71% of the amphibians, 28% of the reptiles, 47% of freshwater prawn and 57% of freshwater crab species known in Singapore still exist in the Nee Soon freshwater swamp forest. The forest also contains the highest proportion of threatened native freshwater fish and crustaceans in Singapore (Ng, 1997; Ng & Lim, 1997) .
It is also the only area in Singapore where 11 out of 26 known species of native freshwater fish can be found, including species such as the dwarf snakehead (Channa gachua), which was thought to be extinct in Singapore for 20 years before being rediscovered in 1989 (Ng & Lim, 1989) , as well as the black snakehead (Channa melasoma), which was first recorded from Singapore only in 1990 (Ng & Lim, 1990) . Some other fish species in the Nee Soon freshwater swamp forest that cannot be found elsewhere in Singapore include the spotted eel-loach (Pangio muraeniformis) and the grey-banded loach (Nemacheilus selangoricus), while many other fish species known from the Nee Soon freshwater swamp forest are also forest specialists that are only found within such habitats.
The Nee Soon freshwater swamp forest is also a vital area for conservation of freshwater invertebrates in Singapore, as it was found to have the highest diversity of water beetles in the country (Balke et al., 1997) , whilst odonate diversity was also found to be very high with eight species being exclusively found in the Nee Soon freshwater swamp forest (Murphy, 1997) . Additionally, the forest also has the highest diversity of semi-aquatic bugs (Gerromorpha) in Singapore, with 83% of Singapore's Gerromorpha species having been recorded in the swamp forest . The forest is also a stronghold for freshwater decapods, with multiple species of freshwater shrimp, such as Macrobrachium platycheles (which was originally described from the area), having thriving populations there. Perhaps the most important decapod found within the Nee Soon freshwater swamp forest is the endemic swamp forest crab, Parathelphusa reticulata. It was described from the swamp almost thirty years ago (Ng, 1990) and today, the entire world's population of P. reticulata is still confined to the Nee Soon freshwater swamp forest. Hence, if Nee Soon freshwater swamp forest were to be lost or modified, this species could potentially be rendered globally extinct.
Conclusions
Nee Soon freshwater swamp forest constitutes Singapore's last remaining patch of primary freshwater swamp forest. From the viewpoint of species richness alone, this makes the conservation of the Nee Soon freshwater swamp forest a top priority. Its large number of plant and animal taxa, currently found nowhere else in Singapore, only emphasises its conservation value. Finally, given that Nee Soon freshwater swamp forest houses a large proportion of Singapore's overall flora and fauna, conservation of this habitat undoubtedly has larger-scale, positive effects for biodiversity conservation in Singapore Turner et al., 1996) , accomplishing conservation of biodiversity from species to landscape scales.
Owing to the nature of its ecosystem and drainage, the Nee Soon freshwater swamp forest is extremely sensitive to external disturbances . Furthermore, many of the species or groups of species found here are rather specialised and thus, disturbance of the Nee Soon freshwater swamp forest and its surrounding areas would pose a great threat to these unique groups. Therefore, it is important to maintain Nee Soon freshwater swamp forest in its current state, as well as ensure that it is not affected adversely by development. These are amongst the reasons for conducting a long-term research project to intensify knowledge of the freshwater swamp forest system (Davison et al., 2018) .
Gaps in research
Singapore has been gradually building up knowledge on freshwater biodiversity, which includes the area in the Nee Soon freshwater swamp forest (Kottelat & Whitten, 1996; Ng & Lim, 1997) . The several biodiversity surveys conducted during the 1990s in the nature reserves of Singapore further contributed to this store of information. However, the knowledge of wildlife in Singapore is still inconsistent between groups.
Several surveys have been conducted to record vascular plant species in Singapore, including specifically from freshwater swamp forests such as Nee Soon (Corner, 1978; Turner et al., 1996) . As such, vascular plants are comparatively well studied. Among the different groups of plants, angiosperms are by far the most extensively studied plant group. Nevertheless, information on diversity of plants is probably still incomplete as demonstrated by continuing discoveries in Nee Soon and its vicinity (Chong et al., 2018) .
In terms of the understanding of fauna in Singapore, several groups have been covered extensively. For example, much is known about the freshwater fish in Singapore, and our understanding of this group is among the best in the region (Ng & Lim, 1997) . The surveys of the 1990s also improved our knowledge of several other groups of animals.
However, even in highly studied areas, many species, such as freshwater organisms, have only been found in recent years. This shows that streams in Singapore are still insufficiently surveyed (Kottelat & Whitten, 1996) .
Also, several groups of organisms present in Nee Soon freshwater swamp forest are still underrepresented. While much more is known of the angiosperms of Singapore, other groups including the macrofungi, fresh water algae and lichens are understudied . Amongst the fauna, many forest and soil arthopods, as well as various protozoan species, are highly unstudied .
Extinction in Singapore has proceeded at an alarming rate largely due to habitat loss (Brook et al., 2003) . Currently, only about 0.25% of land area in Singapore is designated as protected nature reserves and 50% of our native species are harboured in this area. Between 36% and 78% extinction has been inferred amongst various taxonomic groups (Brook et al., 2003) .
A forest cannot be conserved without deep knowledge of the majority of its species, and more work should be devoted to surveying these groups. A deeper understanding of the organisms present in the Nee Soon freshwater swamp forest could greatly aid its conservation. Singapore has many specialist species of animals and plants and a large proportion of which occur or occurred within the Nee Soon freshwater swamp forest. We have lost some of these species already, and in order to protect the rest, we require an improved understanding of their needs and interactions within the ecosystem.
